Nonvascular, symplasmic transport of sucrose (Suc) was investigated theoretically in the primary root tip of maize (Zea mays 1.
brodt, 1987). In contrast, no comprehensive theory exists to explain transport from the phloem through cells of sink regions, such as meristems.
In the expanding root, the phloem transport system ends with the differentiation of the protophloem sieve tubes in the region of most rapid root growth, proximal to the root cap (Esau, 1965) . The position of protophloem differentiation varies with the plant and experimental conditions; roots that grow faster differentiate their protophloem farther from the tip than do more slowly growing roots (Esau, 1965) . In addition, the point where protophloem differentiation is first observable histochemically may not indicate functional transport capacity. It is clear that many cells between the end of the phloem and the root tip have an appreciable growth rate (Erickson and Sax, 1956 ), yet do not have access to the highcapacity phloem transport found in more mature regions of the root.
The pathway for solute transport from the phloem is thought to be symplasmic in expanding leaves (Schmalstig and Geiger, 1985;  Turgeon, 1987) and expanding stems (Schmalstig and Cosgrove, 1990) , although it is apoplastic in mature stems (Hayes et al., 1985) and mature roots (Wyse, 1979) . Work by Giaquinta et al. (1983) and Dick and ap Rees (1975) indicated that transport of Suc in primary maize roots is entirely symplasmic. If so, the transport characteristics would be affected by the transport capacity of plasmodesmata.
Previous models of transport through plasmodesmata (Tyree, 1970; Anderson, 1976;  Walker, 1976;  Blake, 1978;  Murphy, 1989) focused on plasmodesmata at a single cell junction, assuming that plasmodesmata have the dimensions observed with conventional EM and therefore have a high transport capacity. However, recent work on plasmodesmatal ultrastructure (Overall et al., 1982;  Ding et al., 1992) and on symplasmic transport using fluorescently labeled tracers of different sizes Goodwin, 1983, 1985;  Terry and Robards, 1987) suggests that the transport capacity of plasmodesmata is significantly less than was previously believed. In addition, these previous models did not account for the transport demands imposed by growth in a multicellular organ. In fact, any consideration of the effect of an expanding domain on transport is rare, although extensive study has been made of reaction-diffusion mechanisms in morphogenesis since Turing's pioneering paper (1952) , and diffusion through the cytoplasm has been modeled in detail (Blum et al., 1989) . Edelstein and Segel (1983) did include the effects Plant Physiol. Vol. 105, 1994 of metabolite transport on growth rates in their model of growth of mycelial fungi.
Diffusion, or diffusion through plasmodesmata combined with bulk flow in the cytoplasm (caused by cytoplasmic streaming), is generally assumed to be the mechanism of symplasmic transport. Recent study of the kinetics of transport of carboxyfluorescein in staminal hairs of Setcreasea showed that transport through a single file of three cells is consistent with diffusion through the cytoplasm and through plasmodesmata, coupled with intracellular loss to the vacuole (Tucker et al., 1989) . Other workers have also found that in some multicellular systems (tomato trichomes, Tradescantia staminal hairs, cultured soybean root cells), the timing of symplasmic transport of introduced dyes is consistent with diffusion and is not affected by agents that disrupt cytoplasmic streaming (Tyree and Tammes, 1975; Barclay et al., 1982; Baron-Epel et al., 1988) , although that is not the case for symplasmic transport in giant alga1 cells (Tyree et al., 1974b; Walker, 1976) .
Our objective was to determine the concentration gradient necessary for symplasmic diffusion of Suc to meet the carbon demands of growth, from the end of the protophloem to the root tip in maize (Zea mays) roots. Our analysis estimates the spatial distribution of the carbon flux necessary to supply the demands of growth, and the distribution of the diffusivity of the symplasmic transport pathway. We believe that this analysis provides insight into what mechanisms are possible for transport, and points out the parameters requiring critica1 measurement.
MATERIALS AND METHODS
To calculate the Suc concentration profiles that would satisfy the growth demand (see "Theory"), we needed data for the maize root on spatial distributions of plasmodesmatal dimensions and frequency, cortical cell dimensions, biomass density, growth velocity, and root cross-sectional area. We also needed to know the rate of production and location of exudation of root cap mucilage, and the end point of the functional protophloem. We measured distributions of plasmodesmatal frequency and length and obtained most other data from previously published experiments that used maize grown under the same conditions, as much as possible.
Measurement of Plasmodesmatal Frequency and Length
Maize kemels of the same cultivar (Zea mays L. cv WF9 X Mo 17) used in the published reports from which we obtained the biomass and anatomical data (see below) were allowed to imbibe water for 8 h and were germinated in the dark at 29OC in vermiculite fully saturated with 10-4 M CaC12. After 31 h, seeds containing radicles selected to be approximately 7 mm in length were transplanted into fully saturated vermiculite and grown in the dark at 29OC for approximately 15 h more, until their roots reached 5 cm in length. Root apices were cut into 2-mm segments upon harvesting and placed in 2.5% glutaraldehyde in 0.05 M potassium phosphate buffer (pH 6.8) at room temperature for 2 h. After two washes in buffer, root segments were postfixed with 2% osmium tetroxide in 0.05 M potassium phosphate buffer for 2 h in covered vials before being washed twice with buffer and distilled water and dehydrated in ethanol (30, 50, 70, 90, 95 , and 100%; 15 min each). Root segments were infiltrated in ethanol-propylene oxide and embedded in plastic, then 75-nm radial sections were cut using a microtome.
Sectiorts were examined in a transmission electron microscope at a magnification of 7000X. Plasmodesmatal frequency iin the longitudinal and transverse walls of cortical cells was measured from normal sections at 1, 2, and 4 mm from the root tip, and the frequency per area was calculated using Gunning's formula (Gunning, 1978) . Plasmodesmatal frequency at 0.5 mm was taken from measurements of protostelar cells immediately basal to the maize root cilp junction made by Juniper and Barlow (1969) , adjusted using Gunning's formula (1978) . Plasmodesmatal radius was measured to be 25 nm from grazing sections at 14,OOOX. The inner radius (desmotubule radius) was not clearly defined in our preparations; it was assumed to be 10 nm (Gunning, 1976) .
Seagull(l983) reported that plasmodesmata in inaize roots occur in large pit fields, particularly in cortical cells whose length-to-width ratio is at least 3:l or 4:l. In our roots, this ratio occurs 3.75 mm and farther from the tip. We did not see large pit fields in our plasmodesmatal preparations up to 4 mm from the root tip, although plasmodesmata were not evenly dispersed in any preparation, but were loosely clustered.
Data from Published Accounts
Data on cortical cell length and width were íaken from published measurements of non-water-stressed niaize seedlings (Fraser et al., 1990) or were measured from the same photographs of maize root longitudinal sections as had been analyzed in that account. Data on maize root area, growth velocity, and biomass density were derived from published velocity *and root radius data from non-water-stressed seedlings of the same maize cultivar, grown in vermiculite using the same methods as had been used to obtain the cortical cell data (Sharp et al., 1988 (Sharp et al., , 1990 , and from unpublished dry weight data from the same experiments (R. Sharp, personal communication) . Area data were calculated assiiming that the root was perfectly circular in cross-section. Biomass density was (converted to mmol Suc cm-' before solvirig Equation 3. The rate of production of mucilage by the root cap was assumed to be the same as that measured by Paul1 et al. (1975) for primary roots of seedlings of a differcmt cultivar of Z. malys (cv SX-17) grown in vermiculite but iricubated in a liquid inedium for collection of mucilage.
We were unable to determine from the literature exactly how far from the maize root tip the protophloein differentiates or becomes functional. In maize, the number of xylem and phloem poles and their location varies with the cultivar and with the experimental conditions under which the plants are grown (Luxová, 1967 (Luxová, , 1975 . However, protoxylem generally rriatures beyond the end of the elongation zone, whereas protophloem matures in the region of maximum growth rate, roughly half as far from the root tip as the position of protoxylem differentiation, in a wicte range of species (Esau, 1965) . In addition, Rost et al. (1988) found that in peas, maturation of the protophloem correlates with ces-sation of division in the surrounding stelar cells. In the maize primary root, the protophloem-containing outer stele ceases division about 1500 pm from the root cap junction (Luxovi, 1975) , which would be slightly more than 2 mm from the tip in our roots. The caps of the maize roots we modeled are very long (greater than 0.5 mm), the root growth zone ends 12 mm from the tip, and the longitudinal strain rate is maximum 5 mm from the tip (Pahlavanian and Silk, 1988; Sharp et al., 1988) . Differentiated protophloem elements have been seen in maize primary roots at 5 mm from the tip but not at 1 mm from the tip (Warmbrodt, 1987) . We modeled the protophloem functionally ending at three possible points 2, 3, and 4 mm from the root tip to cover a reasonable range suggested by the data above.
Numerical Analysis
A11 computer programs were written in C and implemented on a Gateway 2000 personal computer. If data were not already at 0.25-mm intervals, they were interpolated linearly to 0.25 mm, and then a11 data were further interpolated to 0.05 mm using cubic splines to provide continuous functions. Biomass density, growth velocity, and area were linearly extrapolated to the origin (dista1 end of root tip), but we felt that values of diffusivity components could not be extrapolated linearly from the last data points; certainly, cell length and width do not decrease through the root cap, and data on plasmodesmatal frequency and length near the root tip were not available. Therefore, we assumed that diffusivity was the same at the root tip as at 0.5 mm from the tip before interpolating to 0.05 mm using cubic splines. Although this assumption introduces some error, the value of the growthsustaining Suc flux in this region is so small (because the growth velocity is virtually zero) that this error in diffusivity has a negligible effect on calculated Suc concentration gradients. Original data points are indicated by symbols on a11 figures. Equation 4 (see "Theory") was integrated numerically using Simpson's rules (Gerald and Wheatley, 1989) . A11 symbols are listed in "Appendix 1."
THEORY

Determination of the Crowth-Sustaining SUC Flux
The demand of the growing root tip for biomass apical to some point a on the root during an interval of time At, during which the root grows an increment in length Az, is simply the final mass minus the initial mass (Fig. 1) . Thus, the change in mass is just AzS(a), where p ( a ) is the average density of biomass between a and a + Az. This is true because the growth of the root is steady in time, so that the average density of biomass apical to a is the same before and after At, even though the root is growing throughout the region in question.
If we let Az be very small (by making At very small), then
Az is negligible compared with a, p ( a ) = p(a), and the change in m a s is just Azp(a). Because Az equals u(z) At, where u(z) is the growth velocity at z, i.e. the velocity of displacement from the tip of particles located at z (Erickson and Sax, 1956) , In the limit as At + O, which is the instantaneous "growth demand" for biomass apical to a. Equation 2 may also be derived by integrating the local deposition rates for biomass (Silk and Erickson, 1979; Gandar, 1980) over distance (see "Appendix 2").
The apical flux of biomass that can supply this demand is just the growth demand divided by the cross-sectional area of the root, since the root tip must import a11 of its carbon from the shoot. However, this expression for the growth demand accounts for only the net change in biomass caused by growth. Because there are respiration costs associated with both construction of new biomass and maintenance of existing biomass, and because the root tip loses carbon to the soil in production of mucilage by the root cap, the actual demand for carbon is greater than that given by Equation 2. To account for respiration, we used a construction efficiency, y, of converting substrate into biomass of 0.75 g biomass per g substrate (Penning de Vries et al., 1974) , and a maintenance respiration cost, a, of 0.0185 g g-' d-' (Amthor, 1984) . Both figures were assumed to be constant throughout the growing root tip.
To account for the loss of mucilage from the root cap, the amount of material lost must be added to the growth demand at a11 points proximal to where it is lost. A rate of production of mucilage, s(z), of 0.79 pg h-' root tip-' , which was exuded only in the apical 0.5 mm of the root tip , was used. In the model, s(z) was constant from the phloem end point to 0.5 mm from the root tip, after which it was decreased, assuming the mucilage to be lost evenly over the surface area of the last 0.5 mm of the tip (assumed to be a truncated right circular cone, plus the circular end piece).
The constructive respiration cost applies to both the growth demand for biomass and the demand for carbon to make mucilage, whereas the maintenance respiration cost applies to existing biomass. The growth-sustaining Suc flux is thus (3) Plant Physiol. Vol. 105, 1994 where ] is the flux and A is the cross-sectional area of the root available for transport. The flux ] is a material flux, relative to the particles of the tissue, i.e. it is the flux crossing the moving cell walls as they are displaced by growth. As such, this flux has the same magnitude in either the stationary or co-moving reference frame (see "Appendix 2"). It is negative because it moves apically toward the origin of the comoving reference frame.
Symplasmic Diffusion
If the growth demand were met by symplasmic diffusion, the growth-sustaining Suc flux, ](z) (Eq. 3), would be driven by the concentration gradient of SUC, according to Fick's law: (4) where D ( z ) is the diffusivity of Suc in the symplasm, and c is its concentration at any point z. In the growing root tip, 1, D, and c vary with position, depending on the architecture of the root. In our model, we calculate ](z) (as explained above) and D ( z ) (as explained below) from empirical data, and solve for the concentration profiles of Suc that would be necessary for diffusive supply to the meristem by numerically integrating Equation 4 (see "Results"). Although the root tip is a three-dimensional object, a11 the carbon used to build its biomass must come from the shoot, so this longitudinal flux may be viewed as one dimensional, to a first approximation.
Determination of Symplasmic Diffusivity
The symplasmic pathway for diffusion is composed of two pathways in series, the cytoplasmic and plasmodesmatal pathways. Their conductivities may be calculated separately.
The conductance of one plasmodesma can be calculated from the dimensions of the pore, as was done by Tyree (1970) , except that it is now thought that the "necks" and possibly the entire length of the cytoplasmic pores of plasmodesmata are partially occluded by ultrastructural particles that greatly reduce the effective cross-sectional area of the pores (Overall et al., 1982; Ding et al., 1992) . Plasmodesmatal pores may be capable of further constriction under some circumstances (Robards and Lucas, 1990 ). This ultrastructure is thought to divide the cytoplasmic annulus of the plasmodesmata into a series of channels 2 to 3 nm in diameter (Terry and Robards, 1987) , in contrast to the pore diameter of 50 to 100 nm assumed by Tyree (1970) .
It would be difficult to calculate the conductance of a plasmodesma based solely on geometrical information, because the channels created by this ultrastructure are of unknown length and are likely to be tortuous. However, in the only empirical study of its kind to date, Tucker et al. (1989) calculated an apparent diffusion coefficient for carboxyfluorescein moving symplasmically through a file of three cells in stamen hairs of Setcreasea purpurea, from its kinetics and from the dimensions and frequency of the plasmodesmata. Their apparent diffusion coefficient for carboxyfluorescein moving in plasmodesmata was nearly 2 orders of magnitude less than the diffusion coefficient for carboxyfluorescein in water, even in those cell files where transport was fastest (Tucker et al., 1989) . Because carboxyfluorescein and Suc are approximately the same size, we assumed that the factor of reduction in the diffusion coefficient for Suc in tkie plasmodesmata would be the same. This gave an apparent diffusion for Suc in the plasmodesmata of 5.47 X 10-* cIn2 s-'. (In contrast, the diffusion coefficient for SUC in water is 4.58 X 10-6 cm2 s-'.) To use this apparent diffusion coefficient for the plasmiodesmata of maize root-tip cells, it must be assumed that maize plasmodesmata are occluded by their ultrastructure (relative to a plasmodesmatal pore containing no ultrastructure other than a desmotubule) to the same extent as those froim Setcreasea stamen hair cells.
The conductance, g p d , of one plasmodesma for the diffusion of Suc W,IS calculated according to the following formula:
where D, is the apparent diffusion coefficient of SUC, as describedl above, I is the length of the plasmodesma, and r, and r, are the outer and inner radii of the cytoplasmic annulus, respectively .
The symplasmic conductivity of a cell depends on the frequency of plasmodesmata in the end walls (f,), but also on the frequency of plasmodesmata in the longitudinal walls (fi), because a symplasmically diffusing substance can bypass a transverse cell wall by crossing plasmodesmata in the longitudinal walls above and below this end wall (Fig. 2) . Thus, plasmodesmata in the longitudinal and transverse walls comprise parallel pathways for transport. figure. A substance starts near t h e top of the figure in any of the physical c:ells, and moves one cell-length down through the transport cross-section. It may follow the transverse wall Ipathway, by crossing only transverse walls, or may follow the longitudinal wall pathway, bypassing the transverse walls by going thmugh any of the four lpossible longitudinal walls twice, once above and once below the transverse walls, or may trave1 using a cornbination of longitudinal and transverse wall pathways.
The magnitude of the conductivities in these pathways obviously depends on the geometry of the cells in question. However, a simple formula may be developed that gives the maximum contribution of the longitudinal wall pathway to plasmodesmatal conductivity, relative to the contribution of the transverse wall pathway, because the contribution of the transverse wall pathway is the same in any geometry. This is the most favorable case for diffusion.
The two geometrical factors that most significantly affect the conductivity are the shape of the, cells in cross-section and the placement of transverse walls in adjacent cell files.
The placement of transverse cell walls that gives maximum conductivity in the longitudinal wall pathway is that in which transverse walls in one cell file are placed exactly halfway between transverse walls in an adjacent cell file (Fig. 2) . If the transverse walls in adjacent cell files were exactly in register, there would be no contribution of the longitudinal wall pathway at all, since it would not be possible to bypass a transverse wall by moving into and out of the adjacent cell.
The maximum relative conductivity of the longitudinal wall pathway is obtained when the ratio of the area of the longitudinal walls to be crossed to the area of the transverse walls is greatest. For prismatically shaped cells, this ratio is greatest for cells with three lateral walls (cells triangular in crosssection), but maize root-tip cells are almost never shaped this way. The next greatest ratio is for cells with four lateral walls (cells square in aoss-section), as in Figure 2 .
The conductivity of the plasmodesmatal pathway for these cells can be derived from the conductance of a cross-sectional area equal to the transverse wall area of one cell, but centered around the junction of four physical cells, hereafter called the transport cross-section (Fig. 2) . For Suc to trave1 one cell length in the transport cross-section, the transverse wall pathway will have a conductance, Ct, of where g p d is the conductance of one plasmodesma (Eq. 5), f, is the frequency of the plasmodesmata in the transverse walls, and A, is the area of one transverse wall of a physical cell.
The longitudinal wall pathway requires crossing the longitudinal walls twice to get to the same point that is arrived at by crossing one transverse wall. In the transport crosssection ( Fig. 2) , the area of each part of a longitudinal wall that must be crossed is one-quarter of the area of the entire face of the wall, and four such walls are available. Thus, the conductance of the longitudinal wall pathway, C,, is
where f, and A, are the frequency of plasmodesmata and the area of one face of the longitudinal walls, respectively. Because the longitudinal and transverse wall pathways are in parallel, their conductances are additive. If the ends of the cells are squares of side q, and the lateral walls are rectangles of length p , then the conductance, C,, per cell length in the transport cross-section is which is a formula that may be applied easily if the distribution of length-to-width ratio ( p / q ) of the cells in the root is known. Dividing by A, then yields the conductance per unit cross-sectional area of the pathway.
The conductivity (diffusivity) of the plasmodesmatal pathway is obtained by dividing the conductance per unit area by the number of cells that need to be crossed per unit of root length. Thus, the plasmodesmatal diffusivity, Dpd(Z), is (9) where w is the number of end walls per cm of root length (inverse of the mean cell length at the point of interest). AI1 components of this equation vary with position along the root, except for D,, r,, and T,.
To determine the diffusivity of the entire symplasmic pathway, D(z), diffusion through cells must also be taken into account. Cytoplasm has a viscosity 2 to 6 times that of water, which reduces the diffusion coefficient proportionally for small molecules, whereas larger ones are retarded more than can be explained by viscosity (Mastro et al., 1984; LubyPhelps et al., 1988; Blum et al., 1989) . The factor of reduction in the diffusion coefficient for Suc in the cytoplasm is 2.6, relative to the coefficient for Suc in water (Horowitz, 1972) . This value is similar to factors of reduction in diffusion coefficients for other small molecules diffusing in cytoplasm of animal (Mastro et al., 1984) or bacterial (Lehman and Pollard, 1965) cells. We assumed that the entire cross-section of the root was available for cytoplasmic diffusion, ignoring any reduction in cross-sectional area caused by vacuolation. Hence, 1 2.6 1
where Dh is the diffusion coefficient for Suc in water.
RESULTS
Data on root biomass density, cross-sectional area, and growth velocity (Fig. 3A) were used, along with costs of respiration and mucilage production, to calculate the Suc flux necessary to satisfy the carbon demands of growth between the root tip and 4 mm from the tip by symplasmic diffusion ( Fig. 3B ; Eq. 3). As previously observed, growth velocity and root cross-sectional area increase with distance from the tip, whereas biomass density is highest at 2 mm from the tip and declines somewhat as cell elongation increases farther from the tip (Fig. 3A) . The growth-sustaining Suc flux also increases with distance from the tip, because at any point the flux must be sufficient to satisfy the demands of growth for a11 tissue apical to that point (Fig. 3B) . This flux increases most rapidly between 1.5 and 2.0 mm from the tip (Fig. 3B) .
The cellular architecture of the root determines the characteristics of the symplasmic transport pathway. Frequency and length of plasmodesmata (Fig. 4A ) and cortical cell length and width (Fig. 4B) were used, along with the apparent diffusion coefficient (Ds) for Suc diffusing through plasmodesmata and the diffusion coefficient for Suc in the cyto- (Sharp et al., 1990) . Biomass data (squares, solid line) is courtesy of Dr. Sharp from the same experiments, and is shown *SE (n = 4) wheii the SE was larger than the symbol. Note that there are three different scales. B, SUC flux was calculated from biomass density, growth velocity, and cross-sectional area of the root using Equation 3, as described in "Theory."
,-. plasm, to calculate the diffusivity of the symplasmic pathway ( Fig. 4C ; Eq. 10). ?lasmodesmata offer the great majority of the resistance to diffusion; diffusivity is only slightly greater if the cytoplasmic resistance is not included (Fig. 4C) . Diffusivity is relatively high near the root tip (Fig. 4C ) because the frequency of plasmodesmata in those cells is high in both transverse and longitudinal walls, and the length of plasmodesmata is short (Fig. 4A) , although the cells are also comparatively short, so that many cell walls containing plasmodesmata must be crossed (Fig. 4B) . Between 1 and 2 mm from the tip, diffusivity is reduced (Fig. 4C ) because of the geometry of the cell files. Cells in this region are undergoing rapid division, which keeps them short; because they are expanding in the transverse direction, they bec0m.e wider than long ( Fig. 4B ; Baluska et al., 1990) . This reduces the contribution of their lateral walls to plasmodesmatal diffusivity, even though the frequency of plasmodesmata in both transverse and longitudinal walls is still fairly high (Fig: 4A) . The length of plasmodesmata also increases dramatically between 1 and 2 mm from the tip (Fig. 4A) , which further reduces the diffusivity. Farther back than 2 mm from the tip, diffusivity increases rapidly (Fig. 4C ) because cell elongation is reducing the number of cell walls that must be crossed per unit of root length, and the ratio of cell length to width is
Distance from root tip (mm) Figure 4 . Characteristics of the transport pathway (A and B) and diffusivity of the symplasmic pathway calculated from those characteristics (C) . All data are shown +SE, or errors were smaller than the symbols. A, Plasmodesmatal frequency and length. I'requencies of plasmodesmata in transverse walls (open squares, solid line, n = 10-39) and in longitudinal walls (solid squares, solid line, n = 27-34) of cortical cells, and length of plasmodesmata (diamonds, dashed line, n = 38-68) were measured on longitudinal sections in an electroii microscope. Frequency data were converted to an area basis using Gunning's formula (Gunning, 1978) . Frequency data at 0.5 mm (11 = 3) were the mean of Juniper and Barlow's (1969) measurements of protostelar cells immediately basal to the root cap junction, corrected using Gunning's formula. B, Cortical cell length ancl width. Cortical cell length (diamonds, solid line, n = 6) data from Fraser et al. (1990) and measured from Fra!,er's photographs (T. Fraser, unpublished). Cortical cell width (squares, dashed line, n = 6 ) measured from the same photographs. C, Diffusivities of the plasmodesmatal pathway alone (dashed line), and of the combined plasmodesmatal and cellular pathway (solid line), were calculated from the characteristics of the transport pa! hway using Equation 10, as described in "Theory." Because inform,ition on the characteristics of the transport pathway was available only to 0.05 mm from t h e root tip, diffusivity at the root tip was assumed to be the same as that at 0.5 mm. Theoretical SUC concentration profiles expressed as the difference between the phloem and any point in the root tip that would be necessary to drive the growth-sustaining SUC flux to that point, for diffusion through cells and plasmodesmata (A), cytoplasm alone without transport through plasmodesmata (B), or cells and plasmodesmata containing no ultrastructure other than a desmotubule (C). The actual concentration profile that would exist if diffusion were the transport mechanism can be obtained by subtracting the SUC conceritration difference at any point from. the concentration at the end of t h e phloem. However, the maximum concentration difference that could exist in the root is the concentration observed in the phloem (0.68 M, dotted line in all graphs), assumed to be the same as that at 5.0 mm (Warmbrodt, 1987 was solved using the diffusivity calculated for the symplasmic pathway, for transport through plasmodesmata and through the cytoplasm (Eq. 10; Fig. 4C ). The existing concentration was inadequate to drive the growth-sustaining Suc flux all t h e way to the root tip whether the phloem ends at 2, 3, or 4 mm from t h e tip. B, Adequacy of diffusion for phloem ending at 2 or 3 mm from the tip, if transport through plasmodesmata were not required. Equation 4 was solved using a diffusivity equal to the cytoplasmic diffusivity (2.6/Dh). This is equivalent to having a plasma membrane also increasing (Fig. 4B) , maximizing the contribution to symplasmic diffusivity of transport through the lateral walls. The increases in diffusivity that result from these pattems of cell expansion more than offset the decline in diffusivity that would otherwise result from the sharp reduction in the frequency of plasmodesmata in both transverse and longitudinal walls and the increase in their length (Fig. 4A) .
Note that diffusivity and the growth-sustaining SUC flux have very different magnitudes. No matter what the exact shape of the diffusivity curve is, the flux that meets the growth demand is roughly 2 orders of magnitude higher (1 mmol cm-' s-') than the diffusivity (1 O-' cm2 s-') . Thus, the concentration differences required to drive the growthsustaining SUC flux a11 the way to the root tip are not physiologically reasonable (Fig. 5A, Eq. 4) . Because we could not be sure where in the maize root tip the protophloem functionally ends, we integrated Equation 4, assumirig three possible functional end points for the protophloem at 2, 3, and 4 mm from the root tip (see "Materials and Methods"). The available concentration of solute in th2 protophloem at 4 mm (0.68 M; assumed to be entirely SUC and the same as that detenniried at 5 mim by Warmbrodt [1987] ) was 1 to 2 orders of magnitude smaller than the concentration required in a11 three cases (Fig. 5A) .
Sensitivity of tlre Model
To determine the extent to which errors in the estimation of components of the growth-sustaining Suc flux or the symplasmic diffusivity could affect our conclusions, we reviewed the data used and tested the effects of changing the values of the most uncertain parameters in the model. We considered whether our estimation of the growth-sustaining flux could be too large, the distance traveled from the phloem end point too great, or the symplasmic diffusivity too small.
Although the functional end point of the phloem was not known, our choices for possible end points cover a reasonable range (see 'Materials and Methods") . Even if the phloem ended with a concentration of 0.68 M at 1 mm from the tip, symplasmic diffusion could not satisfy the growth demand; in fact, no protophloem elements were detected at 1 mm from the tip, and the combined osmolarity of solutes in a11 the cells at 1 mm is only 0.35 osmoles/L (Warmbrodt, 1987) . The exact position of the phloem end point is probably not critically important, because the protophloem elements closest to the tip are narrow, and thus not very conductive compared with more mature elements, and they differentiate over a range' of positions longitudinally. Furthermore, the phloem must supply SUC laterally as well as longitudinally. Because our model i s one dimensional and we assumed that the starting concentration was that of the protophloem (when SUC carrier able to equilibrate the concentration of SUC on either side of a boundary between cells. C, Adequacy of diffusion if plasmodesmata were unobstructed pores, containing no ultrastructure other than a desmotubule. Plasmodesmatal diffusivity was calculated from Equation 9 using an apparent diffusion coefficient equal to that for Suc in water (Dh) instead of that derived from the empirical measurement of Tucker et al. (1989) (Q; see "Theory"), then Equations 10 and 4 were solved in the usual way. in fact only one or a few cells have that concentration where the phloem ends), our model uses the equivalent of a plane source of Suc that overestimates the Suc supply where the phloem ends. The choice of phloem end points does not affect our conclusion that symplasmic diffusion alone cannot supply the growth demand.
The key components of the growth-sustaining Suc flux are the growth velocity, the root cross-sectional area, the biomass density, the mucilage production rate, and the respiration cost (see "Theory"). Growth velocity, root radius, and biomass density are empirical data measured in the same set of experiments, and had SE values that were mostly in the range of 3 to 5% (Fig. 3A) , so variations in these factors did not need to be tested. The figure used for the maintenance respiration cost was an average for 2. mays (Amthor, 1984) , while the efficiency of converting substrate to biomass (0.75; Penning de Vries et al., 1974) was not specific to maize. However, it appears that both of these figures might underestimate the respiration cost for roots (Lambers et al., 1983) . The rate of mucilage production was determined from maize primary roots grown under different conditions; however, excluding mucilage production altogether from the calculation of the growth-sustaining SUC flux reduced the concentration of Suc required by less than 5% for phloem ending 3 mm from the tip. Excluding mucilage production did not permit symplasmic diffusion to meet the growth demand of the root tip under any assumptions of phloem end points. Therefore, our conclusion does not result from our estimate of the Suc flux being too large.
We then considered whether our estimate of the diffusivity of the symplasmic pathway might be too small. If transport through the plasmodesmata did not need to be considered at all, and the diffusivity in the root cross-section was everywhere equal to the diffusion coefficient of SUC in the cytoplasm, diffusion would be a feasible transport mechanism to meet the growth demand for phloem ending at 2 or 3 mm from the tip (Fig. 5B) . In contrast, for symplasmic transport (including plasmodesmata), even if the diffusion coefficient for Suc in the cytoplasm were equal to that for Suc in water, the concentration of Suc required to meet the growth demand would be only 3.5% less than estimated from our model (Fig.  5A ) for phloem ending 3 mm from the tip. These calculations imply that the critical diffusivity is that of the plasmodesmatal pathway.
The key components of plasmodesmatal diffusivity include the dimensions of plasmodesmata, the frequency of plasmodesmata in longitudinal and transverse cell walls, the apparent diffusion coefficient for Suc moving in plasmodesmata, and the distributions of cortical cell length and width (see "Theory"). Plasmodesmatal length and outer radius were measured in the same experiments as were used to determine plasmodesmatal frequency, in the same cultivar of maize, and grown under the same conditions as were used to obtain cortical cell length and width data and the components of the growth-sustaining Suc flux mentioned above. The frequencies found are also similar to those reported for maize root tips (Juniper and Barlow, 1969) when corrected (Gunning, 1978) , and to those calculated from carboxyfluorescein transport in cultured soybean root cells (Baron-Epel et al., 1988) . ' Nonetheless, because of the possibility of artifacts of fixation or interpretation, we examined separately the effects of doubling the plasmodesmatal radius, halving the plasmodesmata1 length, and doubling the plasmodesmatal l'requency. These alterations did not reduce the concentration difference required to drive the SUC flux to the tip to physiologically reasonable values. The largest effect was found when halving plasmodesmatal length; however, our measured values for plasmodesmatal length in the first 2 mm of the root tip are already smaller than those of plasmodesmata ciistomarily used for transport studies. Moreover, it is not yet clear whether the plasmodesmatal ultrastructure that causes diffusivity to be reduced, relative to an unobstrul:ted pore, extends the entire length of the plasmodesmata (Robards and Lucas, 19'90; Ding et al., 1992) ; if not, plasmodesm,ital length would not be a critical parameter.
On the other hand, our apparent diffusion coefficient for SUC in the plasmodesmata, calculated from Tucker et al.'s empiricall y obtained diffusion coefficient for carboxyfluorescein in plasmodesmata (1989; see "Theory"), is nearly 2 orders of magniíude less than for Suc in water, which i': a critical differencci. If the plasmodesmata were unobstrutted pores containing no ultrastructure, and the apparent diffusion coefficient for Suc in the plasmodesmata were equal ;:o that for Suc in waiter, the concentration differences requircd to drive the growth-sustaining Suc flux to the tip would be physiologically reasonable for phloem ending 2 or 3 mm from the tip (Fig. 5C) , not much different from the concentration differences required if no plasmodesmata neecled to be crossed (Fig. 58) . This perhaps explains how Tyree (1970) was able to conclude that plasmodesmata offer a low-resistance transport pathway, since he assumed that the full crosssectional a-ea of the plasmodesmata that is visible in conventional electron microscopy would be available for unrestricted diffusion.
DISCUSSION
We fintl that symplasmic diffusion of SUC cannot satisfy the demand of the root meristem for carbon to make biomass, if current conceptions of plasmodesmatal structure are correct. Our analysis assumes a minimum flux to sustain growth, anda celliilar geometry that maximizes calculated cliffusivity. Furthermore, any decrease in the cross-sectional area of the root available for diffusion, such as would be caused by vacuolation or the restriction of transport to the stele and protostele, would make the concentration gradierits of Suc required to supply the growth demands by symplasmic diffusion alone even more unreasonable.
However, one of the most critical parameters in the model, the apparent diffusion coefficient for SUC movin;; through plasmodesmata that contain ultrastructure (Os; see 'Theory"), was not o'btained for maize root cells but was derived from work on Setcreasea stamen hairs by Tucker et al. (1989) . The advantage of their empirically derived diffusion coefficient is that no assumptions about the geometry of plasmodesmatal ultrastructure or viscosity within plasmodesmata rieed to be made. However, one can question if their Setcreasea cells were functioning normally when microinjected with carboxyfluorescein. We can test their diffusion coefficieni, to some degree, by calculating D, from independent data on sizeexclusion limits.
Alternative Calculation of the Apparent Diffusion Coefficient for SUC in Plasmodesmata
A number of workers have found that plasmodesmata from a variety of plants exclude molecules larger than 700 to 800 D (Erwee and Goodwin, 1985; Terry and Robards, 1987; Wolf et al., 1989) , a limit that can be modified to greater than 9400 D by infection with viruses that move through plasmodesmata (Wolf et al., 1989) . Terry and Robards (1987) tested an extensive range of fluorescent probes of different sizes and concluded that molecules with a Stokes' radius of 0.9 nm approach the molecular exclusion limit for plasmodesmata in Abutilon nectary cells, which is consistent with channels through the ultrastructure 2 to 3 nm in diameter. Although none of these workers were using maize root-tip cells, the ultrastructural particles that are thought to be the cause of these exclusion limits have been seen in plasmodesmata from a variety of plant organs and species and are believed to be of general occurrence (Overall et al., 1982; Robards and Lucas, 1990; Ding et al., 1992) .
Exclusion limit data can be used to calculate the ratio of the effective area for diffusion to the actual area of the plasmodesmatal pore, and hence, the extent to which the diffusion coefficient for SUC moving in a plasmodesma is reduced relative to that for Suc moving in water through an unobstructed pore of the same outer dimensions as the plasmodesma, but not containing any ultrastructure except for a desmotubule. According to Renkin (1954) , the ratio of the effective area to the actual area available for diffusion is I-... (11) where j is the radius of the solute diffusing and k is the radius of the channel through which it is moving. If we assume a Stokes' radius for exclusion of 1 nm (from Terry and Robards, 1987) , and a Stokes' radius of 0.44 nm for Suc (Pappenheimer, 1953) , the ratio of effective area to actual area is 0.076. If half of the cross-sectional area of the pore is available for transport (because the ultrastructural particles themselves occupy space), the diffusion coefficient for Suc moving in the plasmodesmata (Ds) would be reduced to 3.8% of the value for suc in water ( D h ) . This is similar to the empirical value calculated by Tucker et al. (1989) . The apparent diffusion coefficient (Os) would rise to 7.6 or 11.4% of the value for suc in water ( D h ) if the ultrastructure-containing regions comprised only one-quarter or one-third of the length of the pore, respectively. However, ultrastructure has recently been seen throughout the length of plasmodesmata (Ding et al., 1992) . Using any of these values for D, in the model again results in a larger concentration gradient of Suc being required than is physiologically available.
The analysis above does not consider that the path length through the plasmodesmatal ultrastructure is probably longer than the length of the plasmodesmatal pore because the path among the ultrastructural particles may be tortuous, or that the viscosity of fluid in the plasmodesmata may be higher than that of water. Hence, the analysis above probably overestimates the apparent diffusion coefficient. We calculate that for phloem ending 3 mm from the root tip, the minimum apparent diffusion coefficient required to meet the growth demand by symplasmic diffusion alone would be 85% of the diffusion coefficient for Suc in water, which is considerably higher than the diffusion coefficient for Suc in the cytoplasm. An apparent diffusion coefficient of this magnitude seems incompatible with current views of plasmodesmatal ultrastructure. These calculations call attention to the need for accurate empirical measurement of plasmodesmatal conductivity in roots in vivo.
Alternative Mechanisms of Transport: Symplasmic Possibilities
If symplasmic diffusion of Suc is not the primary mechanism for supplying the growth-sustaining Suc flux, what are the alternatives? Mass flow in the cytoplasm would not appreciably increase the conductivity of the symplasmic pathway, because most of the symplasmic resistance to diffusion is caused by resistance to diffusion through the plasmodesmata (Fig. 4C) ; in addition, the meristematic cells are not vacuolated in the region of lowest diffusivity (1-2 mm from the root tip) and would not be expected to exhibit cytoplasmic streaming.
Bulk flow of water through plasmodesmata, carrying Suc with it, might offer an alternative to symplasmic diffusion for satisfying the growth demand for carbon. This possibility arises because growing cells of the root tip require water to increase their volume, which we may call the growth demand for water. This water demand might be met by inward radial transport from the root surface, which could not contribute to longitudinal Suc transport. However, if Suc transport in the phloem is by m a s flow, the water in which that Suc was dissolved while within the sieve tubes must be unloaded when the Suc is unloaded, and must go somewhere. Water unloaded where the protophloem ends in the root tip cannot retum basipetally in the xylem because functional protoxylem differentiates much farther back in the root tip. Therefore, this water will go toward meeting the growth demand for water and could be transported either longitudinally forward from where the sieve tubes end, toward the growing cells located more apically, or into growing cells basipetal to the sieve tube end points. If a11 this water goes apically, the water flux will equal the growth-sustaining Suc flux at the point where the sieve tubes end, divided by the Suc concentration in the phloem. For protophloem ending at 3 mm, that is 1.09 X 10-7 m s-I, which is 81% of the growth demand for water at that point [1.34 x 10-7 m s-I; the water content (0.92 mg mm-I: Sharp et al., 1990) times the growth velocity (1.44 x 10-5 cm s-': Fig. 3A ) divided by the cross-sectional area (9.85 X 10-3 cm': Fig. 3A) ]. Thus, much of the growth demand for water could be met using water from the phloem. The re-Plant Physiol. Vol. 105, 1994 mainder of the water demand in the root tip is probably met by inward transport from the root surface.
To estimate what fraction of this acropetal water flux might move by mass flow through plasmodesmata, we need to compare the hydraulic conductivity of plasmodesmata with that of the alternative routes for water transport, namely, transmembrane (osmotic) flow and apoplastic flow. Estimates and opinions of the hydraulic conductivity of plasmodesmata have varied widely, from considering it negligible (Cosgrove, 1986) to very large (Tyree, 1970) . We calculated the hydraulic conductivity to move water one cell length through the tissue via plasmodesmata at 3 mm in the maize root tip (see "Appendix 3") using the same assumptions about plasmodesmatal dimensions and structure that we used for evaluating plasmodesmatal diffusion. Our values for this hydraulic conductivity (1.8-7.3 X 10-6 m s-' MPa-I, depending on what fraction of plasmodesma length is occupied by intemal ultrastructure) are 2 orders of magnitude lower than those calculated by Tyree (1970) , who assumed that plasmodesmata are unobstructed, but are 1 to 2 orders of magnitude higher than many estimates of hydraulic conductivity of plant cell membranes (Zimmermann and Steudle, 1978) . However, they agree with the hydraulic conductivity to cross one cortical cell layer calculated from the measurements of Ginsburg and Ginzburg (1970) for radial water flow through the maize root cortex (see 'Appendix 3"). They are also in roughly the same range as hydraulic conductivities reported from growing pea stem cortical cells (0.4-9 X 10-6 m s-' MPa-'; Cosgrove and Steudle, 1981) and Kalanchoe leaf mesophyll cells (0.2-1.6 x 10-6 m s-' MPa-I; Steudle et al., 1980) . These fluxes were calculated from the transient water influx or efflux induced by step perturbations of turgor pressure, and could have included flow through plasmodesmata. The hydraulic conductivity that we calculated is high enough that cell-to-cell water flow should occur largely through plasmodesmata, particularly if transmembrane (osmotic) flow has a conductivity similar to that of cells such as Fucus eggs, which do not possess plasmodesmata (1.1-3.2 X 10-' m s-l MPa-'; cited in Tyree, 1970) . Since the conductance of the apoplastic pathway is thought to be not much different from that of cell membranes (Molz and Ikenberry, 1974) , apoplastic water flow should also not be significant compared with plasmodesmatal flow. In agreement with this, Ginsburg and Ginzburg (1970) concluded that radial water flow through the cortex of the maize root occurs mainly via an intracellular pathway, probably through plasmodesmata.
To drive longitudinal water flow through plasmodesmata to meet the entire growth demand for water would require a pressure drop of 0.58 to 2.32 MPa mm-' at 3 mm from the root tip, depending on the extent of plasmodesmatal ultrastructure (see "Appendix 3"). Such a large pressure gradient seems physiologically unreasonable. No longitudinal pressure gradient at a11 was observed between 2 and 3 mm in the maize root tip (Spollen and Sharp, 1991) .
Suc flow through plasmodesmata will be retarded relative to the mass flow of water because of the size of the channels, as was explained previously for diffusion. For pressure-driven flow, the retardation factor is somewhat different than for diffusion:
where j is the Stokes' radius of the solute and k is the radius of the chmnel through which it is moving (Renkin, 1954) . For SUC moving through channels of 1 nm ra&us in the ultrastruchre, the ratio of effective area to actual area is 0.125. If the phloem ends at 3 mm, the amount of water that would have to move through plasmodesmata to satisfy the growth demand for carbon is the growth-sustaining Suc flux at that point divided by the Suc concentration in the phloem and divided by the ratio of effective to actual area given above. This calculation reveals that 8 times as miach water would be required as is supplied by the phloem in delivering the Suc necessary to satisfy the carbon demand. It would be 6.5 times as much water as would satisfy the water demand.
Since the growth demand for water constitutes the maximum acropetal water flow that might reasonably be anticipated in the root tip, it appears that at most 15% of the growth demand for carbon might be transported acropetally by mass flow through plasmodesmata. That this much acropeta1 flow actually occurs is unlikely, both because measurements do not confirm the necessary acropetal gradient in turgor pressure in the tip region, and because the growth demand can be partly satisfied by water moving ir1 from the root surface. Also, much of the water released from the sieve tubes could be accommodated by the much larger water "sink" offered by rapidly expanding cells in the Iegion between 3 2nd 6 mm from the root tip, rather than moving forward toward the apex. Because an acropetal turgor pressure gradient not greater than 10% of that necessaiy to meet the growth demand for water could reasonably exist in the apical region, it appears that not more than 1.5% of the growth demand for carbon might be moved by mass flow. The effects of diffusion and mass flow through plasmodesmata are additive, but since neither mechanism alone apparently comes at a11 close to being able to satisfy the carbon demands of growth, if our current understanding of plasmodesmalal structure is correct, we think it unlikely that the combination would be sufficient. However, it appears that water derived from phloem unloading at least could contribute significantly to satisfying the water demand of growth near the end of the phloem. Recent studies in developing pea stems and grapefruit have found that nonvascular, symplasmic solute transport seems to occur with a rnass flow component, even though large pressure gradients were not observed (Koch and Avigne, 1990; Schmalstig and (Cosgrove, 1990) .
Alternative Mechanisms of Transport: Apoplastic Possi bilities
Because diffusion through the entire root cross-section would be sufficient to meet the carbon demand of growth for phloem ending 2 or 3 mm from the tip, passive Suc carriers that would equalize the concentrations of Suc on either side of the plasma membrane and of the tonoplast, permitting Suc to diffuse acropetally through both symplasm and apoplast, could satisfy the growth demand. However, it appears that maize root tips have no plasma membrane Suc transporter (Lin et al., 1984) .
Suc might be released into the apoplast after leaving the phloem and be hydrolyzed by cell-wall-bound invertases to hexoses, which could then diffuse and/or be transported by mass flow both in the apoplast and in the symplasm. This idea is not supported by the work of Giaquinta et al. (1983) , who concluded, using asymmetrically radiolabeled Suc as a tracer, that SUC is unloaded and transported entirely symplasmically in the maize primary root. However, they found that, after transport from kernel to root, 14% of labeled Suc was converted to insoluble materials and 4% to organic and amino acids; amounts recovered in hexoses were not reported. Their roots were 5 cm long, so they could have missed transport of Suc and hexose in the apical4 mm of the tip if it was a small proportion of the total transported, or if most metabolic conversion occurred there. Koch et al. (1992) found that, in intact maize roots, Suc synthase genes are strongly expressed in virtually a11 root tip cells except for columella cells of the cap, implying that substantial Suc metabolism occurs in the meristematic region. In addition, cell-wallbound invertase activity, which would be required for this transport mechanism, is highest in the apical 2 mm of the maize primary root, and has vanished by 8 mm from the tip (Duke et al., 1991) .
On the other hand, the difference in experimentally observed concentrations of hexose equivalents (hexose plus SUC) in the maize root tip between 1 and 3 mm from the tip (0.04 M; Sharp et al., 1990 ) is considerably lower than the concentration difference that our model would predict for diffusion alone through the cytoplasm without crossing cell-wall barriers (1.0 M: Fig. 58 ) or even through water (0.38 M). This suggests that diffusion, even within cells, may not be the primary mechanism of transport to meet the growth demand. A combination of mass flow and diffusion of hexose equivalents within cells and through the apoplast, using hexose membrane carriers to bypass the plasmodesmata, might be a sufficient transport mechanism.
Finally, we cannot exclude the possibility that there could be active transport of SUC in the plasmodesmata that provides for rapid movement. Although there is no evidence or precedent for such a mechanism, a11 experiments on plasmodesmatal conductivity have been done with molecules such as carboxyfluorescein that are not biologically useful, and that the cell would not expect to transport actively. In contrast, SUC is very important biologically and might have its own transport mechanism. Membrane phospholipids have been shown to exchange from cell to cell through plasmodesmata (Baron-Epel et al., 1988) , and plasmodesmata contain specific proteins, some of which are similar to gap junction proteins from animal cells (Meiners et al., 1991; Yahalom et al., 1991; Kotlizky et al., 1992) , so a plasmodesmatal membrane-based transporter for SUC is conceivable. Our results show that the current interpretation of the structure and function of plasmodesmata is incompatible with symplasmic diffusion as the sole transport mechanism to supply the carbon demands of growth. Either our understanding of plasmodesmata is flawed, or alternative transport mechanisms must supply carbon to the root apical meristem.
APPENDIX 1
List of symbols
Any point along the root Cross-sectional area of maize root (cm2) Actual cross-sectional area of channel (cm2) Effective cross-sectional area of channel (cm') Area of one transverse wall of a cortical cell (cm') Area of one longitudinal wall of a rectangular cortical cell (cm') Ratio of desmotubule radius to plasmodesma radius, Outer radius of cytoplasmic annulus of plasmodesma (nm) R, Inner diameter of cortical cylinder (Ginsburg and Ginzburg, 1970) 
Outer diameter of cortical cylinder (Ginsburg and Ginzburg, 1970 Effective viscosity of water in the channels created by plasmodesmatal ultrastructure (3.4 X 10-2 poise) p(z) Biomass density in stationary or co-moving reference frame (mg mm-' or mmol cm-I)
?(a) Average biomass density between u and u + AZ (mg mm -' or mmol cm-')
The Growth-Sustaining Suc Flux 1s Frame-lnvariant
In the co-moving reference frame, the growth demand for the root apical to the point u may also be expressed as the integral of a11 rates of deposition of biomass apical to a, according to the continuity equation (Silk and Erickson, 1979; Gandar, 1980 also holdlj, and the growth demand for biomass apical to a will be
where x is the distance along the root axis in the stationary reference frame. A particle at point x moves away from the base of the root with velocity u(x). In the stationary frame, however, * is not zero, so an expression for it must be found that can be evaluated. This can best be done by translating between the two reference frames. To compare the frames, note tliat p(z) = p(x), since they are the same physical point, and that
derivative Dp is also the same in both frames, because again it refers to the behavior of a physical particle. Hence, the material derivative is Dt in the moving and stationary frames, respectively (Silk, 1984) .
Recognizing that -is zero in the moving reference frame, and translating v into stationary frame, we obtain aP at aP@) .
a@)
which reduces to thus givirig an expression for the local change in biomass with time, in the stationary reference frame, that can be evaluated.
We then substitute Equation 6 into Equation 3 antl integrate to obtain an expression for the growth demand in the stationary reference frame, as follows:
This is eqiial to Equation 2, the expression of the clemand in the co-moving reference frame, and shows that the magnitude of the growth-sustaining SUC flux is frame invariant.
APPENDIX 3 Hydraulic Conductivity of the Plasmodesmatal Pathway
Using the Hagen-Poiseuille law, the conductance of a plasmodesma to water flow may be calculated, assuming that flow occurs in channels through the plasmodesmatal ultrastructure that are 1 nm in radius (Teny and Robards, 1987) where ultrastructure exists, and that these channels occupy half the cross-sectional area of the plasmodesmatal pore, not including the desmotubule. Hagen-Poiseuille flow should occur even at microscopic dimensions, although the effective viscosity of the moving fluid increases dramatically as pore diameter becomes narrower than four molecules of the fluid (Bitsanis et al., 1990) . For the portion of the plasmodesma that contains ultrastructure, the conductance should be p(r; -r:)k2 h, = (1) 1 6 d 0 where h, is the hydraulic conductance of one plasmodesma, I, is the length of the region containing ultrastructure, k is the radius of the channels through the ultrastructure, and vo is the effective viscosity of fluid in the channels through the plasmodesmatal ultrastructure.
It has been argued that the viscosity of plasmodesmatal fluid, like that of cytoplasm, may be higher than that of water (Tyree, 1970; Robards and Clarkson, 1976) . The main contributors to elevated cytoplasmic viscosity are proteins that would be excluded from channels 1 nm in radius. However, the effective viscosity of water for pressure-driven flow in such small channels would be higher than that of water moving through macroscopic channels (1.0 X 10-2 poise), because of steric hindrance and nonuniform density created by the layering of molecules next to the wall of the channel (Bitsanis et al., 1990) . A channel 1 nm in radius is as wide as 5.2 water molecules (the radius of a sphere with a volume equal to the average volume of one water molecule is 0.192 nm; Renkin [1954] ). From molecular dynamic simulations (Bitsanis et al., 1990) , this width implies an effective viscosity for pressure-driven flow 3.4 times higher than that of water flowing through macroscopic channels. Hence, we used 3.4 x 10-2 poise as our estimate of qo.
If plasmodesmatal ultrastructure does not extend the entire length of the plasmodesma, the hydraulic conductance of the obstructed part of the plasmodesma is a pathway in series with the unobstructed part, whose conductance may be calculated using a modification, for an annulus, of the HagenPoiseuille law (Gunning, 1976) . The conductivity of the unobstructed portion is r 7 where b = ri/ro, 9 is the viscosity of water, and I , is the length of the unobstructed portion of the plasmodesma. The hydraulic conductance of one plasmodesma, h p d , is the conductance of the combined seria1 pathway:
-+ -
If the ultrastructure extends through the entire length of the plasmodesma, there is no contribution of an unobstructed portion, and the conductance of the plasmodesma is given by Equation 1. The same geometrical arguments that were used to determine the relative contributions of diffusive flow through plasmodesmata in longitudinal and transverse cell walls (see "Theory") apply to water flow also. Hence, the hydraulic conductivity to cross one cell length via the plasmodesmatal pathway is (4) For the plasmodesmata at 3 mm from the root tip, r, is 25 nm, r, is 10 nm, k is 1 nm, fl is 6.00 pm-', fi is 5.53 pm-', p is 31.5 pm, q is 21.2 pm, and plasmodesma length is 167 nm. Thus, we calculate a conductivity for water to move one cell length, via the plasmodesmatal pathway, of 1.83 X 10-6 m s-' MPa-' if the plasmodesmata have ultrastructure throughout their length, or 3.65 X 10-6 or 7.32 X 10-(' m s-' MPa-' if they have ultrastructure through one-half or one-quarter of their length, respectively.
To calculate the pressure gradient needed to drive a water flow through plasmodesmata that would be sufficient to meet the growth demand for water, it is necessary to convert the conductivity for water to move one cell length into a conductivity for a unit distance along the length of the root. This can be obtained by dividing values of Lp from Equation 4 by the mean number of cell walls that would have to be crossed in a unit of length (the inverse of the mean cell length at the point of interest). Assuming that the protophloem ends 3 mm from the root tip, the pressure gradient needed there is the growth demand for water (1.34 X 10-7 m s-I) divided by the conductivity for unit length (values of L, above multiplied by cell length, 31.5 pm), or 0.58 to 2.32 MPa mm-', depending on the extent of plasmodesmatal structure. Ginsburg and Ginzburg (1970) measured radial transport of water through the cortex of maize roots. From their results, we calculate an average hydraulic conductivity for unit path length of 7.5 X 10-" m2 s-' MPa-' for their preparations, after correcting their value of conductivity (1.2 X lO-' m s-' MPa-I) by multiplying it by the factor R,ln(R,/R,), where R, is the outer radius of their cortical cylinders (0.65 mm; measured from their photographs) and R, is the inner radius (0.25 mm). Dividing by the average width of a cortical cell in their preparations (43 pm), we obtain an average conductivity to cross a single cell wall barrier of 1.7 X 10-6 m s-' MPa-'. Ginsburg and Ginzburg's conductivity pertains to the lateral walls of cells from an older part of the root (approximately 30-70 mm from the tip), where plasmodesmata undoubtedly occur at a somewhat lower density and have a greater length than in the transverse and lateral walls at 3 mm from the root tip, to which our calculation applies. This should make the plasmodesmatal L, somewhat lower for Ginsburg and Ginzburg's material than for ours. Since Ginsburg and Ginzburg had evidence that the water flow they were measuring probably occurred mainly through plasmodesmata, the fact that the conductivity per cell wall barrier calculated from their measurements is only slightly lower than what we calculate for longitudinal transport at 3 mm supports the validity of our calculation.
